Background: Effective targeting therapies for common chronic liver disease nonalcoholic steatohepatitis (NASH) are in urgent need. MicroRNA-targeted therapeutics would be potentially an effective treatment strategy of hepatic diseases. Here we investigated the functional role of miR-221/222 and the therapeutic effects of antimiRs-221/222 in NASH mouse models. Interpretation: Our findings demonstrate that miR-221/222 are crucial for the regulation of lipid metabolism, inflammation and fibrosis in the liver. LNA-antimiRs targeted miR-221/222 could reduce steatohepatitis with prominent antifibrotic effect in NASH mice.
Nonalcoholic steatohepatitis (NASH), a severe form of nonalcoholic fatty liver disease (NAFLD), is a worldwide common form of progressive chronic liver disease result in liver cirrhosis, hepatic decompensation and failure or hepatocellular carcinoma (HCC). The prevalence of NAFLD and NASH has dramatically increased with the rising incidence of obesity, type 2 diabetes mellitus and metabolic syndrome in recent decades. The clinical characteristics of NASH include hepatic steatosis, lobular inflammation, hepatocyte ballooning and progressive pericellular fibrosis [1] . Liver fibrosis is the determinant stage of NASH, which predicts high-risk outcome, such as liver transplantation or liver-related mortality [2, 3] . Given the limitations and difficulties of the individual therapeutic lifestyle change interventions, safe and effective pharmacological therapeutics are in urgent need for NASH treatment. However, the approved drug for the treatment of NASH is still absent currently.
Therapeutic intervention of NASH should integrate antifibrotics and reduction of fibrosis triggers, including hepatic inflammation, cell stress and insulin resistance. Insulin sensitizers such as Thiazolidinediones (TZDs) for diabetes treatment have proven evidence of benefit for offlabel therapeutic use in NASH, with the limitations of adverse effects and safety issues [4, 5] . Recent clinical trials of target therapies for NAFLD or NASH have shed light on the encouraging progress of NASH treatment. The effective and competitive drugs include proliferatoractivator receptor agonists (elafibranor), farnesoid X receptor agonist (obeticholic acid), antifibrotic monoclonal antibody (simtuzumab), bile acid and farnesoid X receptor agonist (obeticholic acid) and ASK1 inhibitor (selonsertib) [5] [6] [7] [8] . Considering the pathophysiological complexity of NASH, continuous discovery of crucial potential therapeutic targets and antifibrotic agents is essential for ideal combination therapy and personalized therapy for the majority of NASH patients in the future.
MiRNA-based treatments for many diseases are under rapid clinical development with the advantages of multiple targets and feasible chemical modification over small molecule drugs. AntimiRs which directly and specifically inhibit miRNA function in vivo could be most efficiently taken up by the liver. Liver diseases are the most promising models for the development of practical miRNA-based gene therapies [9] [10] [11] . One of the most important cases is LNA-modified antimiR targeting the liver-specific miR-122 (miravirsen) is effective in prevention of HCV replication [12] [13] [14] . MiR-103/107 are demonstrated to modulate insulin sensitivity in animal models, therefore antimiRs targeting miR-103/107 (RG-125) are developed as an effective insulin sensitizer for the treatment of NASH patients with type 2 diabetes [11, 15] . In addition, antimiRs of miR-21 reduced hepatic inflammation and liver steatosis through PPARα [16] .
The upregulated expression of highly conserved cluster miR-221 and 222 has been reported in HCC, liver of NASH patients and biliary atresia induced liver fibrosis in mice [17] [18] [19] [20] [21] . miR-221/222 were shown to be the most upregulated miRNAs in HCC samples. miR-221 could stimulate the growth and tumorigenesis of murine hepatic progenitor cells in vivo [17] . In vivo delivery of anti-miR-221 oligonucleotides leads to a significant reduction of tumor size in HCC mice [18] . The mechanistic role of hepatic miR-221/222 and the importance of miR-221/222 antimiRs in NASH treatment are still lack of investigation. In this study, we generated the hepatocyte-specific miR-221/222 knockout mice and performed targeted inhibition of miR-221/222 by locked nucleic acid (LNA)-antimiR in vivo. Our results demonstrated that the oncogenic and profibrotic miR-221/222 were effective therapeutic targets for NASH.
Methods

Animals
All of the animal experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health. To generate the miR-221/222 targeting vector, a mouse genomic DNA corresponding to miR-221 and miR-222 was cloned. A cassette expressing the neomycin resistant gene (Neo) and thymidine kinase (TK) flanked by two loxP sites was placed 500 bp downstream of miR-221 and another loxP site was inserted 3000 bp upstream of miR-222. The resulting 20.7-kb transgene was electroporated into ES cells and targeted ES clones were identified by Southern blotting. The targeted ES clones were microinjected into the pronuclei of fertilized oocytes from C57BL/6J mice to get chimeric mice. The chimeric mice were crossed with Flp-expressing transgenic mice to obtain the floxed allele with deletion of the NeoTK cassette. Genotypes were confirmed by PCR using the following primers: 5′-AGGT GGACAGTTTGATGAGTT-3′ and 5′-TTGAAGTAGCAAGCATAGGG-3′. MiR-221/222 flox/flox mice in which miR-221 and 222 were flanked by loxP sites were bred with mice expressing Cre recombinase driven by the albumin promoter (Alb-Cre). Heterozygous (miR-221/222 flox/+ -Cre) mice were crossed to generate hepatocyte-specific miR-221/222 knockout mice (miR-221/222
flox/flox -Cre, miR-221/222-LKO) and their age-matched littermate controls (miR-221/222 flox/flox ). The C57BL/6J mice were purchased from the Shanghai Laboratory Animal Center, Chinese Academy of Sciences (SLAC, CAS). Alb-Cre mice were purchased from Jackson Laboratory. All of the mice were housed in pathogen-free facilities with a 12 h light/dark cycle and had free access to water and food. Mice were subjected to two different fibrosis models. The miR-221/222-LKO and control mice were fed a methionine or choline deficient diet (MCDD) or control diet (Research Diets) for 6 weeks to generate the dietary model of NASH. In the second model, the miR-221/222-LKO and control mice were injected intraperitoneally (i.p.) with carbon tetrachloride (CCl 4 ) or vehicle for 6 weeks (0.5 ml/kg, twice weekly). Mice were sacrificed 3 days after the last injection. All mice used for the experiments were males.
Adenovirus infection of miR-221/222 and adeno-associated virus infection of Timp3 shRNA
The adenovirus expressing miR-221 and miR-222 was constructed and packaged using Ad5CMV K-NpA vector. Ad-GFP was used as a control. Mice were injected with adenoviruses through the tail vein at 1 × 10 11 plaque-forming units in 0.2 ml PBS. Injection of Ad-miR-221/ 222/GFP did not affect food consumption compared to that of untreated
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Evidence before this study animals. Mice were sacrificed at the indicated days after the adenovirus injection. The adeno-associated virus (AAV) expressing Timp3 shRNA was constructed and packaged using AAV8 vector. Mice were injected with AAV through the tail vein at 1 × 10 12 plaque-forming units in 0.2 ml PBS. Mice were sacrificed 4 weeks after the AAV injection and MCDD feeding.
LNA-antimiRs injection in vivo
Custom LNA-modified oligonucleotides were purchased from Exiqon (Vedbaek, Denmark). AntimiRs LNA-i-miR-221 (sequence: CAGCAGACAATGTAGC) and LNA-i-miR-222 (sequence: AGTAGCCAG ATGTAGC) are 16-mer DNA/LNA oligonucleotides. A mismatch 15-mer oligonucleotide LNA-i-miR-NC (sequence: ACGTCTATACGCCCA) is served as negative control. All these oligonucleotides have a phosphorothioate-modified backbone and are purified by HPLC followed by Na + salt exchange and lyophilization. The control mice were randomized into four groups and treated i. 
Cell culture and transfection
Mouse HCC hepa1-6 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum at 37°C in 5% CO 2 infusion and humidified air. Hepa1-6 cells were transfected with LNA-antimiRs or control at the concentration of 50 nM and 100 nM by Lipofectamine 2000 (Invitrogen).
Hepatic histological analysis
The liver tissues were fixed in 4% paraformaldehyde, dehydrated and paraffin embedded. The liver sections were stained with hematoxylin-eosin, Masson's trichrome solution or Sirius Red (saturated picric acid containing 0.1% (wt/vol) Direct Red 80). The Sirius red-positive area or masson-positive area was quantitated by digital image analysis. The results were presented as percentage area positively stained for Sirius Red or Masson. For the detection of neutral lipids accumulation, liver cryosections were stained using Oil Red O (Sigma) according to standard procedures. The images were acquired using an Olympus microscopy system.
Biochemical analysis
Serum and liver total cholesterol (TC) and triglycerides (TG) were measured using commercially available kits (BioVision) following the manufacturer's instructions. Serum alanine aminotransferase (ALT) was measured commercially available kits (BioVision) following the manufacturer's instructions. The glucose measurements were taken by tail-blood analysis using One-Touch Ultra glucometers (LifeScan).
Hydroxyproline measurement
The colorimetric measurement of the collagen-specific amino acid hydroxyproline was performed using Hydroxyproline Assay Kit (Sigma) following the manufacturer's instructions. Hydroxyproline content was expressed as nanogram (ng) of hydroxyproline per milligram (mg) liver.
Ultrastructural analysis
For transmission electron microscopic (TEM) analysis, fresh liver samples (1 mm 3 volume) were fixed in 2.5% glutaraldehyde/ formaldehyde. Subsequently, the specimens were postfixed in 2% osmium tetroxide (OsO4) for 1 h. Following fixation, the tissues were dehydrated through a graded series of ethanols and propylene oxide, embedded in Epon 812, and sectioned on a Reichert ultramicrotome (Reichert Ultracut S) to obtain semithin sections. The sections were stained with methylene blue in sodium borate, contrasted with uranyl acetate and lead citrate, and photographed using an Opton EM 900 transmission electron microscope (Zeiss, Oberkochen, Germany).
Quantitative RT-PCR
The total RNA, containing the miRNA, was extracted using a miRNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. For the miRNA reverse transcription, 1 μg of the total RNA was reverse transcribed using a reverse transcription kit (Promega) following the manufacturer's instruction with the following primers: miR-221: 5′-GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACG AAACCC-3′; miR-222: 5′-GTCGTATCCAGTGCGTGTCGTGGAGTCGGCA ATTGCACTGGATACGACACCCAGT-3′. Quantitative PCR (qPCR) of miR-221/222 was performed using a QuantStudio Dx Real-Time instrument (Thermo Fisher) with a SYBR Premix Ex Taq Kit (Takara) using the following primers: miR-221: F: GGGAAGCTACATTGTCTGC R: CAGTGC GTGTCGTGGAGT; miR-222: F: GGGGAGCTACATCTGGCT R: TGCGTG TCGTGGAGTC and normalized to U6 (small nuclear RNA) as the endogenous control. The U6 primers were: F: GCTTCGGCAGCACATATACTA AAAT R: CGCTTCACGAATTTGCGTGTCAT. For the RNA reverse transcription, 1 μg of the total RNA was converted into cDNA using a reverse transcription kit (Promega) following the manufacturer's instruction. qPCR was performed using a QuantStudio Dx Real-Time instrument (Thermo Fisher) with a SYBR Premix Ex Taq Kit (Takara). The gene expression levels were normalized to the housekeeping gene Gapdh. For the primers used, please refer to Supplemental Experimental Procedures.
Western blot
Protein preparation and Western blots were performed as described previously [22] . The following primary antibodies were used: anti-F4/80 (1:1000; Abcam), anti-α-SMA (1:1000; Sigma), anti-TIMP3 (1:1000; Cell Signaling Technology), anti-α-tubulin (1:1000; Cell Signaling Technology), anti-PGC-1β (1:1000; abcam), anti-G6PC (1:1000; Invitrogen).
Luciferase assays
The pRL-NULL and pGL3-control vectors were obtained from Professor Mofang Liu (Shanghai Institutes for Biological Sciences). The hepa1-6 cells were seeded at 5 × 10 5 cells per well in 24-well plates and transfected with 10 ng pRL-NULL-3′-UTR (untranslated region) plasmids with 100 ng of pGL3-control vector. The cells were harvested at 24 h after transfection, and luciferase activities were measured. The values were normalized using the dual-luciferase reporter assay system according to the manufacturer's protocol (Promega). To generate the wild-type and mutant Timp3 luciferase reporter constructs, the 3′-UTRs were cloned and inserted into pRL-NULL vectors with the appropriate restriction enzymes.
RNA sequencing
Library construction and sequencing were performed on the BGISEQ-500 sequencer by Beijing Genomic Institution (BGI Genomics, BGI-Shenzhen, China). Briefly, the core steps in preparing RNA for sequencing are: (1) enrich poly(A) + RNAs by oligo (dT) selection; (2) fragment the target RNA and reverse transcription to doublestranded DNA; (3) end repair the dscDNA and generate bubble adapter ligation; (4) denature the PCR product and cyclize the single strand DNA for sequencing. Sequencing reads were mapped to reference genome and transcripts available at the UCSC hg19 (http:// genome.ucsc.edu/) using Bowtie2 and HISAT, respectively [23, 24] . Gene expression was determined using RSEM [25] . The R/ Bioconductor package "DEGSeq" and Wilcoxon were used to identify differentially expressed genes.
Statistical analysis
Significant differences were analyzed using two-tail unpaired Student's t-test or one-way analysis of variance (ANOVA) for multiple group comparison. The error bars in the graphs represent standard deviations (SD). Differences were considered significant if P b .05. 
Results
Hepatocyte specific miR-221/222 knockout mice
The correlation of miR-221/222 expression with development of NASH was investigated in two experimental models of liver fibrosis: MCDD and chronic CCl 4 treatment in C57/BL6 mice. Our data showed the expression of liver miR-221/222 was significantly increased in both fibrosis models compared to control mice (Fig. 1a, b) . These results and the consistent previous reports [20, 21] indicated the upregulation of miR-221/222 was an important profibrotic factor response to liver inflammation and injury in both human and mice.
To elucidate the precise functions of miR-221/222 in NASH, we generated hepatocyte specific miR-221/222 knockout mice (miR-221/222-LKO) harboring floxed miR-221/222 alleles (miR-221/222 flox/flox mice) and Alb-Cre (Fig. S1a, b) . The expression levels of miR-221/222 in liver were significantly abolished in miR-221/222-LKO mice relative to control mice (Fig. 1c) . Meanwhile the miR-221/222 expression in other tissues were indistinguishable between miR-221/222-LKO and control mice (Fig. S2) . The 2 months old miR-221/222-LKO mice exhibited a normal metabolic phenotype under normal diet, including body and liver weight, fasting blood glucose, serum and hepatic triglyceride (TG) and total cholesterol (TC) (Fig. S3 ).
Hepatic miR-221/222 deletion reduced hepatic steatosis and fibrosis
To evaluate the effects of miR-221/222 expression in hepatic steatosis and fibrosis, we challenged the miR-221/222-LKO and control mice with MCDD or chronic CCl 4 treatment. Our results showed hepatocyte miR-221/222 knockout significantly reduced the serum level of ALT in MCDD-fed and CCl 4 -treated miR-221/222-LKO mice compared to the control mice (Fig. 1d) . Hematoxylin and eosin (H&E) staining showed the MCDD-fed control mice developed severe hepatic steatosis and hepatocyte ballooning, while the MCDD-fed miR-221/222-LKO mice showed slight steatosis (Fig. 1e) . Moreover, the CCl 4 -induced liver injury was markedly alleviated in miR-221/222-LKO mice (Fig. 1e) . Altogether, hepatocyte specific miR-221/222 knockout could reduce hepatosteatosis in the NASH mouse models.
MiR-221/222 ablation ameliorated hepatic lipid deposition and inflammatory infiltration
To determine the effects of miR-221/222 on liver lipid metabolism, we analyzed the lipid circulation and deposition in MCDD-fed mice. The MCDD challenged miR-221/222-LKO mice had significantly higher serum TG and similar serum TC levels compared to control mice ( Fig. 2a and S4a) . Meanwhile, MCDD challenging significantly increased hepatic lipid accumulation in mice. The miR-221/222-LKO mice exhibited much lower hepatic TG and similar hepatic TC compared to control mice ( Fig. 2b and S4b) . Moreover, Oil Red O staining analysis of liver sections showed that miR-221/222-LKO mice had markedly reduced hepatic fat accumulation compared to control mice under MCDD challenging (Fig. 2c) . TEM analysis of liver sections revealed that MCDD-fed miR-221/222-LKO mice only had slight lipid droplets deposition compared to the severe circumstances in control mice (Fig. S4c) . Taken together, these data support that miR-221/222 ablation suppressed MCDD-induced hepatic fat deposition in mice.
Furthermore, knockout of miR-221/222 significantly reduced the hepatic inflammatory infiltration in keeping with the reduction of lipid deposition. The mRNA and protein levels of macrophage marker F4/80 were significantly lower in MCDD-fed miR-221/222-LKO mice compared to control mice (Fig. 2d, e and S4d) . The similar effects were also observed in the CCl 4 -treated mouse model (Fig. 2f) . In addition, the production of key pro-inflammatory chemokines and cytokines, including tumor necrosis factor-α (TNF-α), interleukin (IL)-1β and IL-6, were significantly decreased by hepatic miR-221/222 ablation in the MCDD-fed and CCl 4 -treated mouse models (Fig. 2g, h) . NASH was characterized by diffuse inflammatory foci containing mononucleated cells in the mice under the challenge of MCDD or CCl 4 , whereas the hepatic inflammation was much improved in miR-221/222-LKO mice (Fig. 1e) . In summary, miR-221/222 deficiency could efficiently antagonize the hepatic inflammatory.
MiR-221/222 ablation induced antifibrotics in NASH models
The antifibrotic effect of hepatic miR-221/222 ablation is one of the fundamental evaluation indicators in our investigation. Notably, the hepatic collagen deposition could be much ameliorated in miR-221/222-LKO mice response to MCDD and CCl 4 challenge. The morphometric assessments of hepatic fibrosis by Sirius Red and Masson's trichrome staining showed reduced positive area in miR-221/222-LKO mice ( Fig. 3a-d) . The hepatic content of collagen-specific amino acid hydroxyproline was significantly reduced by miR-221/222 knockout under the treatment of MCDD or CCl 4 (Fig. 3e) . TEM analysis of liver sections showed that MCDD-fed miR-221/222-LKO mice had improved collagen deposition and fibrogenesis (Fig. 3f) , accompanied with significantly decreased a-SMA, Col1a1, Col1a2 and Col3a1 expression levels and similar expression of Col5a1 and Col5a2 (Fig. 4a, b and S5 ). Correspondingly, the protein level of hepatic a-SMA in KO mice was lower than control mice (Fig. 4c) . Taken together, these results indicated that liver fibrosis could be controlled through miR-221/222 in mouse models.
Adenovirus-mediated re-expression of miR-221/222 aggravated NASH in mice
In order to determine the driver effects of miR-221/222 in the development of NASH, we overexpressed miR-221/222 in the liver of MCDD-fed miR-221/222-LKO mice by adenovirus (Ad-miR-221/222) injection (Fig. 5a ). Re-expression of miR-221/222 significantly elevated the hepatic TG levels and promoted hepatic steatosis and hepatocyte ballooning in MCDD-fed mice (Fig. 5b, c) . The sirius Red and Masson's trichrome staining indicated miR-221/222 overexpression resulted in aggravating liver fibrosis progress in mice (Fig. 5d-g ). Moreover, the expression of miR-221/222 facilitated the upregulation of inflammation and fibrosis related genes, including Adgre1, TNF-α, IL-1β, IL-6 and a-SMA, Col1a1, Col1a2, Col3a1, while the levels of Col5a1 and Col5a2 were indistinguishable (Fig. 5h, i and S6) . Correspondingly, the protein levels of hepatic F4/80 and a-SMA were also increased by miR-221/222 re-expression (Fig. 5j) . Altogether, our data revealed that miR-221/222 overexpression deteriorate liver fibrosis. 
LNA-antimiR-221/222 treatment effectively reduced hepatic steatosis and fibrosis in vivo
Based on the findings from miR-221/222-LKO mice, we performed in vivo miR-221/222 inhibition by LNA-antimiRs in MCDD challenged mice to explore the therapeutic potential on NASH. The inhibition efficiency and concentration of LNA-antimiR-221/222 were pre-assessed in vitro on mouse HCC hepa1-6 cells. The expression of miR-221 and 222 was effectively inhibited by LNA-i-miR-221 and LNA-i-miR-222 at the concentration of 50 nM and 100 nM, respectively. The 100 nM concentration with solid effect was used for the following experiments (Fig. S7a) . The mRNA and protein levels of p27, which was wellestablished target gene of miR-221/222, could be decreased by LNAantimiR-221/222 at 100 nM in vitro (Fig. S7b, c) . The effects of LNAantimiR-221/222 in MCDD-fed mice were further evaluated. LNA-imiR-221 and LNA-i-miR-222 efficiently and equivalently inhibited the expression of hepatic miR-221 and 222 (Fig. 6a) . LNA-antimiR-221/ 222 significantly decreased hepatic TG and suppressed the expression of inflammation related genes (Adgre1, TNF-α, IL-1β and IL-6) in MCDD-fed mice compared to controls (Fig. 6b, c) . In addition, LNAantimiR-221/222 improved the hepatic steatosis and hepatocyte ballooning in NASH mice as depicted (Fig. 6d) . Hepatic collagen deposition in MCDD challenged mice was significantly reduced by LNA-antimiR-221/222 treatment, as proved by sirius Red and Masson's trichrome staining analysis (Fig. 6e-h ). The expression of collagen related genes, a-SMA, Col1a1, Col1a2 and Col3a1, were markedly suppressed by antimiRs correspondingly while Col5a1 and Col5a2 were unchanged ( Fig. 6i and S8 ). Taken together, our results demonstrate that LNAantimiR-221/222 treatment could effectively and simultaneously ameliorate hepatic steatosis, inflammation and fibrosis in vivo in NASH mice. MiR-221/222 inhibitors could be candidate in miRNA-based gene therapies for the intervention of NASH.
Hepatic miR-221/222 targeted Timp3 in NASH mice
To investigate the mechanic functions of miR-221/222 in NASH, we performed target gene prediction of miR-221/222 by TargetScan (www.targetscan.org) and systematic gene expression analysis by RNA-seq of liver in the MCDD-fed miR-221/222-LKO mice. We identified a series of predicted target genes of miR-221/222 were upregulated in knockout mice. These genes include confirmed target genes Ddit4, Bmf and Timp3 (Fig. 7a) , and metabolic genes PGC-1b (Ppargc1b) and glucose-6-phosphatase-α (G6pc) (Fig. 7b, S9 ). Importantly, Timp3 (tissue inhibitor of metalloproteinase 3) was top of the most significant upregulated candidate genes (P = .0018; fold change = 1.97).
Timp3, the main natural regulator of TACE (TNF-α-converting enzyme) activity [26] , is a crucial regulator in inflammation, fibrosis and progression of NAFLD and HCC [27] [28] [29] . Mice lacking Timp3 result in liver inflammation caused by increased TNF-α activity and defective response to liver injury [27] . Hepatocyte-specific overexpression of Timp3 could prevents NAFLD and tumorigenesis through the regulation of ADAM17 activity [28] . Macrophage-specific overexpression of Timp3 could protects from insulin resistance, NASH and metabolic inflammation in mice [29] . Therefore, Timp3 could be a crucial target gene for the miR-221/222 inhibition-mediated effects in NASH.
Sequence analysis showed the seed sequence of miR-221/222 and the 3′ untranslated region (UTR) of Timp3 had 2 perfect matches, suggesting that Timp3 could be direct target of miR-221/222 in liver (Fig. S10a) . We generated reporter constructs with wild type or mutated Timp3 3′UTR cloned downstream of the luciferase gene. Overexpression of miR-221/222 significantly inhibited the 3′UTR luciferase activity of wild type Timp3 constructs in hepa1-6 cells, whereas the mutated 3′UTR at one binding site maintained partial inhibition and mutation at 2 binding sites lost inhibition (Fig. S10b) . The mRNA and protein levels of Timp3 were significantly increased in the liver of MCDD-fed miR-221/222-LKO mice (Fig. 7c, d) . Consistently, the mRNA and protein levels of Timp3 were decreased by adenovirus-mediated re-expression of miR-221/222 in the liver of knockout mice (Fig. 7e, f) . Finally, LNAantimiR-221/222 significantly increased the mRNA and protein levels of timp3 at the concentration of 100 nM in vitro and in vivo (Fig. 7g-i) . In summary, our findings and previous studies indicate that Timp3 is the crucial target gene of miR-221/222 in the pathological processes of liver disease and act as an important regulator in NASH.
Inhibition of Timp3 aggravated NASH in miR-221/222-LKO mice
In order to investigate whether Timp3 mediates the effect of miR-221/222 in hepatic steatosis and fibrosis, Timp3 was knocked-down in the liver of MCDD-fed miR-221/222-LKO mice by adeno-associated virus (AAV8-Timp3 shRNA) injection (Fig. 8a) . Inhibition of Timp3 significantly elevated the hepatic TG levels and promoted hepatic steatosis and hepatocyte ballooning in MCDD-fed miR-221/222-LKO mice (Fig. 8b, c) . The hepatic TC levels were indistinguishable between the two groups. Moreover, the decreased expression of Timp3 facilitated the upregulation of inflammation and fibrosis related genes, including Adgre1, TNF-α, IL-1β, IL-6 and a-SMA, Col1a1, Col1a2, Col3a1, while the levels of Col5a1 and Col5a2 were unchanged (Fig. 8d, e and S10c). Correspondingly, the sirius Red and Masson's trichrome staining indicated Timp3 inhibition resulted in aggravating liver fibrosis progress in MCDD-fed miR-221/222-LKO mice (Fig. 8f-i) . Altogether, our data revealed that Timp3 inhibition deteriorate liver fibrosis in MCDD-fed miR-221/222-LKO mice.
Discussion
In this study, our findings provided evidences that miR-221/222 are an efficient and potent targets for hepatic steatosis, inflammation and liver fibrosis in NASH mouse models. Our data and previous reports revealed conservative upregulation of hepatic miR-221/222 in NASH mouse models and patients [20, 21] . Overexpression of miR-221/222 promoted the progression of hepatic steatosis, fibrosis and inflammatory infiltration. Meanwhile, the well-known oncogenic functions of miR-221/222 cluster have been extensively investigated in HCC [17] [18] [19] and many other cancers, including glioblastomas, breast cancer, prostate cancer, breast cancer, leukemia, colorectal cancer and multiple myeloma [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The upregulation of miR-221/222 expression might be induced by growth factors or NF-kB activation during the pathogenesis of liver diseases [20, 32] . Interestingly, pilot studies for therapeutic applications and pharmacokinetics and pharmacodynamics characteristics of miR-221/222 inhibitors in cancers have shed light on the promising future of antimiR-221/222 in drug therapies [18, 39, 40] . Importantly, miR-221/222 inhibitors significantly shrink tumors and prolong survival of HCC mouse models [18] . Our work and previous studies indicated that antimiR-221/222 might be effective for NAFLD, NASH and HCC treatment in vivo at the same time, which is an ideal solution for the complicated situation in different stages of chronic liver diseases. The combined therapies contain antimiR-221/222 and other small molecules or monoclonal antibodies which targeting multiple pathways in NASH might be of great interest in the future.
Take in advantage of the nucleotide modification technologies, targeting mir-221/222 may provide innovative practical therapeutics for NASH patients. LNA-based oligonucleotides have been demonstrated high affinity and specificity for the specific complementary strand, such as mature miRNA. Therefore, we used LNA-modified antimiRs for intervention experiments. Intravenous administration of LNA-miR-221 inhibitor in mice and monkeys showed long-lasting detectable LNA-i-miR-221 in tissues, plasma and urine. The safety profile evaluation demonstrated no acute toxicity nor immune stimulation was induced by LNA-i-miR-221 treatment at 10-folds increase of therapeutic dose in monkeys [40] . Here, our data showed LNA-antimiR-221/ 222 and LNA-i-miR-222 treatment was effective in alleviating NASH characterized by reduced collagen deposition, lipid deposition and inflammatory infiltration in vivo. Taken together, these data support the considerable suitability of LNA-antimiR-221/222 for preclinical and clinical trial use of liver diseases.
Majority of the functional studies of miR-221/222 identified many tumor suppressors as miR-221/222 targets in cancers, such as p27, p57 and PUMA [30] [31] [32] [33] [34] [35] [36] . As one of the most increased miRNAs in HCC, hepatic miR-221/222 targets includes DDIT4, p27, p57, PTEN and TIMP3 [17, 19, 32] . In human and mouse NASH liver, upregulation of miR-221/222 was found to associate with liver fibrosis, stellate cell activation and increase of Col1A1 and α-SMA [20] . These reports indicate the conserved miR-221/222 cluster could regulate hepatic pathological processes through multiple factors and signaling pathways. In our study, systematic target gene screening by RNA-seq and bioinformatics analysis revealed the consistent key genes Ddit4 and Timp3. DDIT4 (encode DNA damage response 1, REDD1) is a negative regulator of mTOR through activation of the tuberous sclerosis tumor suppressor TSC1/2 complex, which is associated with cancer, insulin resistance [17, [41] [42] [43] . Timp3 is a crucial regulator of inflammation and fibrosis in multiple organ systems. Timp3 knockout promotes the development of fibrosis in kidney and heart [44, 45] . Timp3 deficiency increased TACE activity and promotes hepatic steatosis and inflammation in high-fat-diet-fed insulin resistance mouse model [46] . In addition, the expression of Timp3 is down-regulated in livers of NASH patients. Decreasing of Timp3 mediate the increased fibrogenic activity and upregulation of fibrosis related genes a-SMA, Col1a1 and TGF-β in NASH [47] . These reports indicated that the maintain of Timp3 level is benefit and protective for NASH. However, the mechanisms of Timp3 regulation and intervention are still lack of investigation. In this work, we showed that miR-221/222 directly targeted and inhibited Timp3 during the progression of NASH. MiR-221/222 knockout promoted Timp3 expression whereas miR-221/222 overexpression reduced Timp3 expression. LNA-antimiR-221/222 efficiently rescued the hepatic Timp3 levels and reduced a-SMA and procollagen levels in mouse model. Based on these results, targeting miR-221/222 may ameliorate liver inflammation and fibrosis partially via restoration of Timp3.
In summary, our data show that hepatic miR-221/222 deficiency improved the hepatic steatosis, inflammation and fibrosis in NASH mouse models. Targeting miR-221/222 by LNA-based antimiRs significantly inhibited the progression of steatohepatitis. Liver fibrosis could be markedly ameliorated by the inhibition of miR-221/222 in MCDD-fed mice. Our findings might provide a potent therapeutic approach for treatment of NASH and enhanced the importance of miRNA-based gene therapy in future treatment strategies for liver diseases.
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